INTRODUCTION {#h0.0}
============

The human intestine is colonized by a dense population of bacteria commonly known as the microbiota. The microbiota is beneficial to the host in many ways. These benefits include resistance to invasive pathogens, stimulation of cell turnover, and aiding in the digestion of complex nutrients to provide the host with extra energy and essential vitamins ([@B1]). The majority of simple sugars and oligosaccharides ingested by the human host are absorbed through the small intestine ([@B2]). Other sugars reach the colon intact, where they serve as the substrates for the microbiota ([@B3], [@B4]). Besides, the host itself produces fermentable products, including glycoproteins and polysaccharides that are consumed by the gut microbiota ([@B4][@B5][@B8]). Members of the genus *Bacteroides* represent the most abundant polysaccharide utilizers in the colon ([@B8], [@B9]). Ten to 20% of the commensal population in the colon consists of representatives of the genus *Bacteroides* ([@B10]). Among these is *B. fragilis*, an opportunistic pathogen and the most commonly isolated anaerobe from human infections such as intraabdominal and brain abscesses ([@B11][@B12][@B14]). Under normal symbiotic conditions, *B. fragilis* is beneficial to the host and contributes to the modulation of the host immune response through polysaccharide A (PSA) ([@B15]), delivered to the host cells via outer membrane vesicles (OMV) ([@B16]). Recently, OMV from *Bacteroides fragilis* and other *Bacteroides* members were found to participate in the establishment of a cooperative ecosystem in the gut. In the model proposed by Rakoff-Nahoum et al., some species secrete OMV, which are able to break down polysaccharides for the benefit of the other species present in the community ([@B17]).

OMV are small blebs originating from the outer membrane (OM) of Gram-negative bacteria. OMV contain lipopolysaccharide (LPS), outer membrane proteins, phospholipids, and periplasmic components ([@B18]). The presence of toxins in OMV from different bacteria has led to suggestions that vesicles are long distance delivery tools ([@B18][@B19][@B24]). Interestingly, ClyA toxin of enterohemorrhagic *Escherichia coli* was found to be active only in vesicles, where the proper redox potential supports its oligomerization ([@B25]). Additional roles in stress response and quorum sensing have been attributed to OMV ([@B26], [@B27]). Despite the different roles suggested for vesicles, the absence of a clear model for OMV biogenesis has led to disagreement on whether vesiculation is a directed process or just the result of passive membrane disintegration. If vesicles are formed by the latter mechanism, OM and OMV should have the same protein composition. However, previous reports have shown the enrichment of toxins in vesicles from different pathogens, supporting the notion of cargo selection in vesicles ([@B18], [@B25], [@B28], [@B29]). A proteomic analysis of OM and OMV in the oral pathogen *Porphyromonas gingivalis* showed that some OM proteins were enriched in OMV, whereas other OM proteins were excluded from vesicles, and that mutations in the LPS resulted in aberrant cargo selection, providing evidence of the presence of selection machinery that is capable of packing specific cargo into OMV ([@B28]).

In this work, we carried out a proteomic analysis of both the OM and OMV of *B. fragilis*. We found multiple OM proteins that were absent in OMV and an exceptionally large number of proteins exclusively present in vesicles. Many of the OMV proteins were acidic and annotated as hydrolases, mainly proteases and glycosidases, some of which were shown to be active *in vitro*. Similar results were obtained when the content of the OMV from *Bacteroides thetaiotaomicron* was analyzed. These results strongly advocate for the existence of yet uncharacterized machinery dedicated to OMV production in *Bacteroides*.

RESULTS {#h1}
=======

*B. fragilis* produces spherical, uniformly sized OMV. {#h1.1}
------------------------------------------------------

Previous reports showed that, similarly to other Gram-negative bacteria, *B. fragilis* produces OMV ([@B30]). Accordingly, we wanted to ensure that our method of vesicle purification resulted in a cell-free OMV preparation. *B. fragilis* vesicles were harvested from cell-free supernatant of an overnight culture. The OMV were resuspended in sterile water and then examined using transmission electron microscopy (TEM). As shown in [Fig. 1](#fig1){ref-type="fig"}, *B. fragilis* vesicles were spherical and uniform in size, with diameters ranging from 30 to 80 nm. This range is narrower than what was reported previously for some other Gram-negative bacteria ([@B31]). No *B. fragilis* cells were observed in our OMV preparations.

![*B. fragilis* produces outer membrane vesicles (OMV). (A) Transmission electron microscopy of *B. fragilis* OMV at two different magnifications: ×28,000 and ×140,000 (inset). Scale bars represent 500 nm and 100 nm, respectively. (B) Quantification of the size range of *B. fragilis* OMV as observed under the electron microscope.](mbo0021417700001){#fig1}

OMV show a different protein profile from OM in *B. fragilis*. {#h1.2}
--------------------------------------------------------------

Recent work has shown that OMV from *P. gingivalis*, *Serratia marcescens*, and *Neisseria meningitidis* carry, to a variable extent, different proteins compared to the OM from which they originated ([@B28], [@B29], [@B32]). We tested whether OMV cargo selection occurs in *B. fragilis*, which is an important member of the gut microbiota and genetically close to *P. gingivalis* ([@B10], [@B33]). To study protein sorting in *B. fragilis* OMV, both OM and OMV proteins were separated by SDS-PAGE followed by Coomassie staining. *B. fragilis* OMV exhibited a very different protein profile from the OM of the same cells ([Fig. 2](#fig2){ref-type="fig"}). Bands were excised from gel, tryptically digested, and analyzed by mass spectrometry (MS) for protein identification. A total of 115 proteins were detected in OMV, while 102 proteins were found in the OM of *B. fragilis*. Only predicted outer membrane and periplasmic proteins were found in OMV, with no inner membrane or cytosolic proteins detected.

![OMV show different protein profile from that of OM. Ten micrograms of purified OM and OMV proteins were run on 10% SDS-PAGE followed by Coomassie staining. Protein bands were excised from the gel and digested with trypsin. The resulting peptides were enriched using ZipTip C~18~ columns then analyzed via liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS) followed by protein identification with Mascot search engine using the NCBInr database. The arrows point to the most abundant proteins in each band. Underlined proteins were detected only in the corresponding compartment.](mbo0021417700002){#fig2}

Sixty-nine proteins were common between OMV and OM ([Fig. 3A](#fig3){ref-type="fig"}; see [Table S2](#tabS2){ref-type="supplementary-material"} in the supplemental material). Among the common proteins were several proteins annotated as "SusD-like." SusD proteins belong to the "starch utilization system" (Sus) family, composed of a very large number of glycan binding proteins. Sus proteins can bind to starch and its derivatives, like maltooligosaccharides, amylose, amylopectin, and pullulan ([@B34][@B35][@B36]). In *Bacteroides thetaiotaomicron*, an important human gut symbiont that is genetically related to *B. fragilis*, the Sus proteins account for about 18% of the genome ([@B35]). Some of the Sus components were predicted to be surface-exposed lipoproteins ([@B37]).

![*B. fragilis* OMV and OM display different distributions of proteins based on pIs and function. (A) Schematic representation of protein compartmentalization in both OMV and OM. Proteomic analysis identified 69 proteins common to OM and OMV, and 46 proteins only detected in OMV. (B) Pie charts showing the distributions of OM and OMV exclusive proteins according to their pI. OMV displayed preferential sorting toward acidic proteins, while alkaline proteins resided in the membrane. (C) Pie charts showing the functional distributions of OM and OMV exclusive proteins. OMV were enriched in hydrolases compared to OM, which displayed a large percentage of TonB-dependent receptors.](mbo0021417700003){#fig3}

Forty-six proteins were found exclusively in OMV ([Table 1](#tab1){ref-type="table"} and [Fig. 3A](#fig3){ref-type="fig"}; see [Table S1](#tabS1){ref-type="supplementary-material"} in the supplemental material). Although enrichment of a few proteins in OMV has been previously described, the dramatic difference in the compositions of OM and OMV observed in *B. fragilis* has not been previously reported. For those proteins that are not annotated in GenBank, we relied on BLASTP ([@B38]), PFAM ([@B39]), and HHPRED algorithms ([@B40]) for homology-based annotation of the identified proteins. Interestingly, we found about one-quarter of OMV proteins to be homologous to hydrolases ([Fig. 3C](#fig3){ref-type="fig"}). These included 11 glycosidases, 11 peptidases, one phosphatase, and one lipase. Most of these glycosidases (8/11) and peptidases (7/11) were not detected in OM. ([Table 1](#tab1){ref-type="table"}). Such abundance of hydrolytic enzymes was only previously reported in OMV of *Myxococcus xanthus* ([@B41], [@B42]). On the other hand, MS analysis of OM proteins revealed 33 unique proteins that were not detected in vesicles ([Table 2](#tab2){ref-type="table"}). Most proteins in the OM fraction are involved in ligand binding and transport, albeit some putative hydrolases were also detected but at lower abundance compared to OMV. The majority of the OM proteins were TonB-dependent receptors (TBDTs). TBDTs are bacterial outer membrane proteins that bind and transport different substrates, like siderophores, carbohydrates, and vitamin B~12~, using energy provided by the inner membrane proton motive force ([@B43]). Other proteins involved in heme binding and transport, like HmuY, were also found in the OM ([Fig. 3C](#fig3){ref-type="fig"}; see [Table S2](#tabS2){ref-type="supplementary-material"} in the supplemental material).

###### 

Putative hydrolases identified by MS/MS exclusively in OMV of *B. fragilis*

  No.      Function                          Transmembrane domain or lipoprotein signal   pI
  -------- --------------------------------- -------------------------------------------- ----------
  BF3432   Xylanase                          Yes                                          Acidic
  BF3429   Glycosyl hydrolase                No                                           Acidic
  BF3562   Xylanase                          Yes                                          Acidic
  BF0339   β-Glucosidase                     Yes                                          Acidic
  BF3793   β-Galactosidase                   Yes                                          Acidic
  BF0810   α-[l]{.smallcaps}-Fucosidase      Yes                                          Alkaline
  BF4060   β-Glucanase                       Yes                                          Acidic
  BF3083   α-[l]{.smallcaps}-Fucosidase      No                                           Alkaline
  BF0935   Zinc protease                     Yes                                          Acidic
  BF2852   Trypsin-like peptidase            No                                           Acidic
  BF2757   Clostripain-related peptidase     No                                           Acidic
  BF2157   Peptidase                         Yes                                          Acidic
  BF3010   Trypsin-like peptidase            Yes                                          Acidic
  BF1408   Dipeptidase                       Yes                                          Acidic
  BF4039   [l]{.smallcaps}-Asparaginase II   Yes                                          Alkaline

###### 

Putative hydrolases identified by MS/MS exclusively in OMV of *B. thetaiotaomicron*

  No.       Function                           Transmembrane domain or lipoprotein signal   pI
  --------- ---------------------------------- -------------------------------------------- ----------
  BT_1955   Xylanase                           Yes                                          Acidic
  BT_3382   β-Xylosidase                       Yes                                          Acidic
  BT_3727   Glycosyl hydrolase                 Yes                                          Acidic
  BT_0278   Glucanase                          Yes                                          Acidic
  BT_3859   Hydrolase                          Yes                                          Acidic
  BT_3742   Xylanase                           Yes                                          Acidic
  BT_3743   Xylanase                           Yes                                          Acidic
  BT_3960   Cysteine proteinases               Yes                                          Acidic
  BT_1760   Levan hydrolase                    Yes                                          Acidic
  BT_1737   α-Amylase                          Yes                                          Alkaline
  BT_3987   Endo-β-*N*-acetylglucosaminidase   Yes                                          Acidic
  BT_3523   Glucanases                         Yes                                          Acidic
  BT_3381   β-Xylosidase                       Yes                                          Acidic
  BT_1037   α-Sialidase                        Yes                                          Acidic
  BT_3745   Xylanase                           Yes                                          Acidic
  BT_1761   Xylanase                           Yes                                          Acidic
  BT_3985   Chitinase                          Yes                                          Acidic
  BT_1038   Chitinase                          Yes                                          Acidic
  BT_1045   Glucanases                         Yes                                          Acidic
  BT_3861   Glucanases                         Yes                                          Acidic
  BT_2239   Protease                           Yes                                          Acidic
  BT_3577   Serine protease                    No                                           Acidic
  BT_2272   Zinc peptidase                     No                                           Acidic
  BT_3522   Glucanases                         Yes                                          Acidic
  BT_3237   Zinc peptidase                     Yes                                          Acidic

To purify the OM and separate it from the inner membrane, we used a Triton X-100-based method ([@B28]). To exclude the possibility that the differences in the protein contents were due to the treatment with this detergent, we repeated our analysis using total membrane preparations, which includes inner and outer membrane proteins. After the lipids were removed, the total membrane proteins were digested with trypsin. The resulting peptides were analyzed by liquid chromatography-tandem mass spectrometry (LC-MS/MS) to identify the proteins. None of the 46 proteins unique to OMV was found in the total membrane, indicating that the presence of proteins only in OMV is not an artifact of the preparation (data not shown). Taken together, these results indicate that mechanisms for sorting and exclusion of proteins into OMV must exist in *B. fragilis*.

OMV exclusive proteins are mostly acidic, and OM unique proteins are mostly basic. {#h1.3}
----------------------------------------------------------------------------------

Another interesting trend discovered in this analysis is related to the isolectric points (pIs) of OM and OMV proteins. According to their calculated pIs, about 80% of OMV-specific proteins are acidic ([Table 1](#tab1){ref-type="table"}; [Fig. 3B](#fig3){ref-type="fig"}). In contrast with vesicular proteins, only 2 of the 33 OM unique proteins were found to have acidic isoelectric points, while the majority were found to be alkaline. As shown in [Table 1](#tab1){ref-type="table"} here and [Table S1](#tabS1){ref-type="supplementary-material"} in the supplemental material, the majority of the OMV proteins were predicted to have either a lipoprotein signal or transmembrane domains. This suggests that these proteins are genuine membrane proteins, which must be targeted to the OM before their inclusion in OMV, and not secreted proteins interacting with OMV after OMV are formed.

OMV show proteolytic activity. {#h1.4}
------------------------------

As previously mentioned, we identified 11 proteins in OMV that were annotated as proteases. Therefore, we tested if they display activity via a zymogram analysis. OMV were harvested from *B. fragilis* and run on an SDS-PAGE gel containing gelatin as a protease substrate. Following renaturation and incubation at 37°C, the gel was stained with Coomassie to detect proteolytic activity. As shown in [Fig. 4A](#fig4){ref-type="fig"}, several clear bands were visualized after staining the gel, indicating that gelatin was digested at these sites. This allowed us to conclude that at least some of the proteases detected in the vesicles are active. In addition, this experiment was repeated with heat-inactivated OMV, and no hydrolase activity was observed (data not shown). To confirm the protease activity of vesicles, we performed *in vitro* protease assays using amino acids (lysine, alanine, leucine, and glutamate) linked to *p*-nitroanilide. *p*-Nitroanilide is a chromogenic compound that will show maximum absorbance at λ = 405 nm when the substrate is cleaved. All 4 substrates were cleaved by the OMV, showing higher activity when using *p*-nitroanilide alanine as the substrate ([Fig. 4B](#fig4){ref-type="fig"}).

![OMV display protease activity. (A) Ten micrograms of OMV proteins was loaded on 10% Tris-glycine gel with 0.1% gelatin as the substrate. Following separation at denaturing conditions, proteins were renatured and then incubated at 37°C for 2 days to allow substrate cleavage. Colloidal Coomassie brilliant blue G-250 was used to stain the gel. Clear bands marked by the arrows indicate the digestion of gelatin by proteases. (B) Peptidase activity of *B. fragilis* vesicles was tested using different *p*-nitroanilide-linked amino acids. Ten micrograms of purified OMV proteins was incubated with different substrates for 1 h at 37°C. Activities were determined by measuring the absorbance of the released *p*-nitroanilide at 405 nm. All activities are represented relative to the alanine-peptidase activity. All experiments were done in triplicates.](mbo0021417700004){#fig4}

Sugar-hydrolyzing activity of OMV. {#h1.5}
----------------------------------

The proteomic analysis of OMV revealed the presence of several proteins annotated as sugar hydrolases (see [Table 1](#tab1){ref-type="table"}; also see [Table S2](#tabS3){ref-type="supplementary-material"} in the supplemental material). These included α-1,2-mannosidase (BF3236), xylanase (BF3567), and a peptide-*N*-glycosidase (BF0811). The previous proteins were detected in both the OM and OMV fractions. However, OMV possessed several unique putative sugar hydrolases that were not detected in the OM ([Table 1](#tab1){ref-type="table"}). These hydrolases were two xylanases (BF3432 and BF3562), two α-[l]{.smallcaps}-fucosidases (BF0810 and BF3083), a putative glycoside hydrolase (BF3429), β-glucosidase (BF0339), β-galactosidase (BF3793), and β-glucanase (BF4060). Since these proteins are annotated based on *in silico* analysis, we decided to test the activities of some of them. We compared the β-galactosidase and the α-[l]{.smallcaps}-fucosidase activities in both OMV and O.M. For these experiments, we employed specific sugars linked to a chromogenic group that is released upon enzymatic cleavage, allowing absorbance to be measured at λ = 405 nm. Enzymatic activities of different membrane compartments were determined by comparison against standard curves produced using commercial enzymes incubated with the same chromogenic substrates (for details, see Materials and Methods). Both OMV and OM displayed comparable β-galactosidase activities, which were severely reduced by heat treatment ([Fig. 5C](#fig5){ref-type="fig"}). Interestingly, α-[l]{.smallcaps}-fucosidase activity was detected exclusively in OMV, with both the OM and heat-inactivated OMV showing no fucosidase activity ([Fig. 5D](#fig5){ref-type="fig"}). It has been previously established that α-[l]{.smallcaps}-fucosidase activity in *Bacteroides* can be induced in the presence of fucosylated human milk oligosaccharides ([@B44]). We hypothesized that *B. fragilis* can sense fucose monomers, inducing secretion of fucosidases in OMV. To test this hypothesis, *B. fragilis* was grown on defined media using either glucose or fucose as the carbon source. OM and OMV were collected under both conditions, and α-[l]{.smallcaps}-fucosidase activity was determined. In the presence of fucose, OMV fucosidase activity was induced about 7-fold compared to OMV collected from *B. fragilis* grown on glucose ([Fig. 5E](#fig5){ref-type="fig"}). This suggests the hydrolase content of the OMV is regulated to optimize the breakdown of the nutrients.

![*B. fragilis* vesicles possess sugar-hydrolyzing activity. OMV were tested for the presence of β-galactosidase and α-[l]{.smallcaps}-fucosidase activities. (A) A standard curve for β-galactosidase activity was developed using commercial β-galactosidase from *E. coli* and 4-nitrophenyl-β-[d]{.smallcaps}-galactopyranoside as a substrate. (B) A standard curve for α-[l]{.smallcaps}-fucosidase activity was developed using commercial α-[l]{.smallcaps}-fucosidase from *Thermotoga maritima* and 2-chloro-4-nitrophenyl-α-[l]{.smallcaps}-fucopyranoside as a substrate (upper panel). (C) Ten micrograms of purified OMV and OM proteins were incubated with 4-nitrophenyl β-[d]{.smallcaps}-galactopyranoside for 1 h at 37°C. Reactions halted by the addition of 50 µl 1 M Na~2~CO~3~ followed by reading the absorbance at λ = 405. β-Galactosidase activities of OMV and OM were calculated from the standard curve using *A*~405~ readings and then plotted (lower panel). (D) α-[l]{.smallcaps}-Fucosidase activities of OM and OMV were measured by incubation with 2-chloro-4-nitrophenyl-α-[l]{.smallcaps}-fucopyranoside for 2.5 h at 37°C. *A*~405~ readings of OM and OMV were used to calculate α-[l]{.smallcaps}-fucosidase activities from the standard curve. (E) Fucosidase activity of cells grown in defined media with glucose or fucose as the carbon source. Heat-killed controls are marked by open triangles. All experiments were done in triplicate.](mbo0021417700005){#fig5}

Acidic hydrolases are also packed in *Bacteroides thetaiotaomicron* OMV. {#h1.6}
------------------------------------------------------------------------

Since *B. fragilis* OMV were enriched in acidic proteins, including hydrolases, we investigated whether this phenomenon is specific to *B. fragilis* or a common feature among the genus *Bacteroides*. We extended our proteomic analysis to OMV and OM of *B. thetaiotaomicron*, which counts for 12% of all *Bacteroidetes* in the adult colon ([@B45]). As shown in [Fig. 6](#fig6){ref-type="fig"}, the *B. thetaiotaomicron* OMV protein profile was different from that of OM. The MS-based protein identification revealed the packing of 84 proteins in *B. thetaiotaomicron* OMV that were not detectable in OM. Eighty-two percent of these 84 OMV proteins are acidic. Additionally, 25 of the OMV unique proteins in *B. thetaiotaomicron* were predicted to be hydrolases. With the exception of one protein, all of the OMV unique hydrolases have acidic isoelectric points ([Table 2](#tab2){ref-type="table"}).

![*B. thetaiotaomicron* OMV display different protein content from OM. Ten micrograms of purified OM and OMV proteins was run on 10% SDS-PAGE. Coomassie-stained bands were excised from the gel and tryptically digested. The resulting peptides were analyzed via liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS) followed by protein identification with the Mascot search engine using the NCBInr database. The arrows point to the most abundant proteins in each band. The underlined proteins were detected only in the corresponding compartment.](mbo0021417700006){#fig6}

*B. fragilis* selectively packs nonnative acidic hydrolases into OMV. {#h1.7}
---------------------------------------------------------------------

BACOVA_04502 is an inulinase that was shown to be secreted in OMV of *Bacteroides ovatus* ([@B17]). We tested if this enzyme is also recognized and selectively packed in OMV produced by *B. fragilis*. We expressed a His-tagged version of this inulinase in *B. fragilis* and determined the presence of the protein in whole cells, OM, and OMV. As controls, we employed His-tagged versions of two proteins identified in our proteomic analysis, BF1581 and BF0018. BF1581 is an acidic protein detected only in OMV, while BF0018 is an alkaline TonB-dependent protein that was found only in OM of *B. fragilis*. OM and OMV were collected from the *B. fragilis* strains, each expressing one of the three proteins. Samples were normalized according to total protein content and separated on SDS-PAGE followed by Western blotting. As shown in [Fig. 7](#fig7){ref-type="fig"}, BF1581 only appeared in OMV, while BF0018 was detected only in OM, confirming the MS results. The *B. ovatus* acidic inulinase was greatly enriched in the OMV of *B. fragilis* ([Fig. 7C](#fig7){ref-type="fig"}). This suggests that the *B. fragilis* machinery is capable of recognizing and sorting nonnative acidic hydrolases into the OMV.

![*B. fragilis* packs *B. ovatus* inulinase into its OMV. Western blots showing the distribution of BF1581 (A), BF0018 (B), and *B. ovatus* acidic inulinase BACOVA_04502 (C) in OM and OMV of *B. fragilis*. Ten micrograms of OM and OMV proteins of each strain were run on 10% SDS-PAGE followed by Western blotting.](mbo0021417700007){#fig7}

Lipid A compositions are similar in OMV and OM. {#h1.8}
-----------------------------------------------

In previous work, we showed that deacylated lipid A accumulated in OMV of the dental pathogen *P. gingivalis* ([@B28]). Since *B. fragilis* and *P. gingivalis* are evolutionarily related, we investigated if the same phenomenon occurs in *B. fragilis* by comparing the lipid A compositions in OM and OMV using MS ([@B33]). We used the Trizol method to purify LPS from *Bacteroides* cells and OMV. Lipid A was then obtained through mild acid hydrolysis of LPS ([@B46], [@B47]). As shown in [Fig. 8](#fig8){ref-type="fig"}, matrix-assisted laser desorption ionization--time of flight MS (MALDI-TOF MS) analysis of the purified lipid A showed no difference between OM and OMV. Both spectra displayed a cluster of peaks (*m/z* 1,632, 1,646, 1,660, 1,674, 1,688, and 1,702) representing the penta-acylated lipid A of *B. fragilis*. The 14-atomic-mass-unit (amu) differences are caused by fatty acid length variations known to occur in *B. fragilis* ([@B46]).

![OMV and OM share the same lipid A species. Lipid A was extracted from both whole cells and vesicles of *B. fragilis* by mild acid hydrolysis of LPS in 1% SDS--10 mM sodium acetate (pH 4.5). Lipid A was dissolved in water and mixed with 2′,4′,6′-trihydroxyacetophenone monohydrate matrix (THAP) in 1:1 ratio followed by MALDI-TOF MS analysis in negative linear mode. MS analysis of lipid A from cells (A) and vesicles (B) showed the same cluster of peaks representing the penta-acylated monophosphorylated lipid A. The 14-amu differences are caused by fatty acid length variation.](mbo0021417700008){#fig8}

DISCUSSION {#h2}
==========

Membrane vesicles in eukaryotic cells are well known for their role in storage, trafficking, and digestion of cellular components according to their location and function ([@B48]). Vesiculation appears to be ubiquitous among Gram-negative bacteria, which suggests OMV play an important physiological role ([@B42], [@B49][@B50][@B51]). Different functions have been assigned to vesicles, including toxin delivery, interbacterial communication, biofilm formation, horizontal gene transfer, and disposal of misfolded proteins ([@B19], [@B52][@B53][@B56]). In this article, we characterized the protein contents of OMV from *B. fragilis* and *B. thetaiotaomicron*. One of the most striking characteristics of these vesicles is the abundance of acidic hydrolytic enzymes, mainly glycosidases and proteases. Previous reports showed the presence of hydrolase activity in the vesicles of *Bacteroides*, albeit none of these studies included a total proteome investigation of OMV ([@B30], [@B57]). It is well-recognized that glycan metabolism plays an important role in the establishment, composition, and balance of the gut microbiota ([@B58]). Species from the genus *Bacteroides* carry multiple systems to bind and degrade polysaccharides known as "Sus-like proteins." The SusCDEFG proteins form a surface-localized complex, where SusG is an α-amylase, SusC is a TonB-dependent porin, and SusDEF are glycan-binding proteins ([@B59]). Glycan metabolism is very important for these bacteria, to the point that Sus-like proteins can constitute up to 20% of their genome. The presence of active glycosidases in OMV, some of them selectively packed, suggests that *B. fragilis* secretes hydrolytic OMV to maximize the chances to degrade polysaccharides and other glycoconjugates. While the Sus-like proteins would be carrying a "selfish" activity, because the polysaccharides are degraded at the bacterial surface and the sugars are immediately taken up, the hydrolases in OMV may carry a "social" function, as the resulting oligo- and monosaccharides would be available for other bacteria to utilize. Recently it has been described that members of the genus *Bacteroides* participate in a complex polysaccharide utilization network based on the release and use of OMV, which act as "public goods" ([@B17]). The authors showed that OMV produced from a microorganism can support the growth of another bacterium that is unable to degrade a given polysaccharide. Thus, OMV produce nutrients that can be utilized by other members of the microbiota. However, the sugars liberated by OMV may also be exploited by pathogenic bacteria. For instance, *Campylobacter jejuni* does not produce fucosidases, but it can utilize fucose liberated by other bacteria in the gut ([@B60]). Finally, it has been recently demonstrated that *Salmonella enterica* serovar Typhimurium and *Clostridium difficile* are also capable of utilizing sugars, such as fucose and sialic acid liberated by *B. thetaiotaomicron*, to successfully colonize the gut ([@B61]). Our results suggest that OMV produced by *Bacteroides* play an important role in sugar metabolism in the gut. Several sugar hydrolases are only induced in the presence of the specific polysaccharide ([@B5]). We showed the levels of fucosidase activity packed in OMV are increased in the presence of fucose, suggesting that the content of OMV is also dependent on the nutrients.

Fucose is of utmost importance for *Bacteroides* because it is incorporated in both its capsular polysaccharides and glycoproteins. The *Bacteroides* mutant lacking fucose in its proteins or capsule was found to be less fit in competitive colonization experiments with wild-type *Bacteroides* ([@B62]). We detected two fucosidases (BF0810 and BF3083) exclusively in *Bacteroides* vesicles. BF0810 is in the same operon with BF0811, which is annotated as a peptide-*N*-glycosidase and was found in OMV as well. This suggests that the two hydrolases might be functionally related. BF0811 might cleave the human glycans from glycoproteins, allowing BF0810 to cleave the fucose. Similar to *B. fragilis*, *B. thetaiotaomicron* OMV displayed enrichment in acidic hydrolases. Among these is the levan hydrolase BT_1760, which was shown to be involved in supporting the growth of other *Bacteroides* species unable to degrade levan ([@B17]). In an interesting analogy, OMV produced by the bacterial predator *Myxococcus xanthus* were shown to contain a high number of digestive hydrolases. These OMV played a role in predation and possessed lytic activity against *E. coli* ([@B41], [@B42]). Another example of hydrolase-containing OMV is the cellulolytic rumen bacterium *Bacteroides succinogenes*, which was shown to have 50% of its cellulose-digesting enzymes associating with vesicles ([@B63]). Additionally, these hydrolases might also target human molecules, such as mucus glycans, allowing *Bacteroides* to modulate host pathways. *P. gingivalis* OMV are rich in proteases that can degrade some of the host molecules, leading to impairment of normal cellular function ([@B64]).

The lack of an accepted mechanism for OMV biogenesis has generated the following controversy: Are OMV the result of a directed and still poorly understood active cellular process, or are OMV formed by passive membrane disintegration or membrane lysis? Several of our results favor the first hypothesis for OMV biogenesis in *Bacteroidetes*. First, the simple comparison of the OMV and OM proteins ([Fig. 2](#fig2){ref-type="fig"} and [6](#fig6){ref-type="fig"}) shows dramatically different profiles. Second, the MS analysis identified more than 40 proteins in the OMV that were not present at detectable amounts at the OM. Third, a significant percentage of the proteins that are preferentially packed into OMV are mostly hydrolytic enzymes. Random clustering of such functionally related enzymes is unlikely. Fourth, proteins directed to the OMV are predominantly acidic. Previous reports showed that OMV and OM vary in terms of lipid and protein compositions. As evidence for lipid variation, different LPS were detected in membrane and vesicles of the same bacteria. For example, vesicles from *Pseudomonas aeruginosa* were found enriched in the negatively charged LPS species, which was suggested to play a role in OMV biogenesis through charge repulsion ([@B31]). In *Serratia marcescens*, unique proteins were detected in vesicles but not in the outer membrane. Among the proteins detected in *Serratia* vesicles are lipases, phospholipases, and chitinases, which play a role in virulence ([@B29]). *N. meningitidis* provides another example of specific proteins' enrichment into OMV. Lappann et al. compared the protein contents of both OM and OMV of *N. meningitidis* quantitatively. Some proteins were found to be enriched in OMV compared to OM and vice versa. Both preparations contained cytoplasmic proteins ([@B32]). In addition, we previously showed that vesicles of *P. gingivalis* varied from the OM in their protein composition. Multiple proteins in *P. gingivalis* OM were excluded from the vesicles. Concurrently, a few other proteins were enriched in vesicles compared to the membrane, suggesting the presence of a protein sorting mechanism. In an interesting homology to the role of galectins in the eukaryotic system, LPS was suggested to participate in the cargo selection process occurring during vesiculation of *P. gingivalis* ([@B28]). More proteomic studies on OMV of various organisms showed that they were enriched in different virulence factors ([@B51]). However, the dramatic differences between OM and OMV protein compositions determined in *B. fragilis and B. thetaiotaomicron* are unprecedented. Furthermore, for the first time, a common signature, acidity, was found for the proteins preferentially sorted into the OMV. The observation that an acidic inulinase from *B. ovatus* can be selectively packed in OMV by *B. fragilis* indicates that whatever mechanism is employed is likely common within the genus *Bacteroides*. Another component that is variable between OMV and OM are the capsular polysaccharides. In *B. fragilis*, important members of the human gut microbiota, polysaccharides A and B (PSA and PSB, respectively) were detected in vesicles. PSA is known to have an immunomodulatory role in the human gut, where it indirectly activates regulatory T cells (T~reg~s) to secrete interleukin-10. Interestingly, it was shown that *B. fragilis* uses its OMV to deliver PSA to dendritic cells which subsequently leads to T~reg~ activation ([@B16]). Unlike the protein differences that we found between OMV and OM in *B. fragilis*, no variation in lipid A between the two compartments was found. Previously, we showed that the lipid A components of LPS were different between vesicles and membrane of *P. gingivalis*. The latter observation implied the presence of a lipid selection mechanism in vesicles additional to the protein selection. Although *P. gingivalis* is genetically close to *B. fragilis*, they seem to behave differently when packing lipids into their vesicles ([@B33]). This indicates that the vesiculation process might be variable among Gram-negative bacteria even in closely related species.

Rakoff-Nahoum et al. demonstrated that OMV produced by members of the microbiome can break down complex polysaccharides, supporting the growth of other bacterial species unable to degrade those polysaccharides. Diverse species appear to have coevolved to be responsible for the degradation of specific polysaccharides and now may rely on each other's OMV for efficient utilization of the polysaccharides present in the gut. Our work shows that sugar hydrolases and proteases are preferentially packed into OMV from these organisms, in which there appears to be a pI-dependent mechanism. Our results support the model that OMV produced by all these bacteria contribute to the syntrophy required for the establishment and maintenance of the human microbiota.

MATERIALS AND METHODS {#h3}
=====================

Bacterial strains and growth conditions. {#h3.1}
----------------------------------------

*Bacteroides fragilis* NCTC 9343 and *Bacteroides thetaiotaomicron* VPI-5482 were grown either on blood agar plates containing 5% defibrinated horse blood or brain heart infusion broth supplemented with hemin (5 µg/ml) and menadione (1 µg/ml) in an anaerobic atmosphere of 90% N~2~, 5% H~2~, and 5% CO~2~. When needed, *B. fragilis* was grown on basal medium supplemented with 0.5% glucose or fucose.

OMV purification. {#h3.2}
-----------------

Two hundred fifty milliliters of 24-h cultures of *B. fragilis* was centrifuged at 10,000 rpm at 4°C. In order to remove residual cells, the supernatant was filtered using a 0.45-µm-pore membrane followed by a 0.2-µm-pore polyvinylidene difluoride (PVDF) membrane (Millex GV; Millipore). The filtrate was subjected to ultracentrifugation at 100,000 × *g* for 2 h (Optima L-90K ultracentrifuge; Beckman Coulter). The supernatant was discarded, the pellet was washed with sterile PBS, and the ultracentrifugation step was repeated. The vesicle pellet was resuspended in distilled water or 50 mM Tris-HCl buffer (pH 6.5) and quantified using the 2D-quant kit (GE Healthcare Life Sciences).

Membrane purification. {#h3.3}
----------------------

Cells of overnight cultures were harvested by centrifugation at 10,000 rpm for 10 min at 4°C. The pellets were gently resuspended in a mixture of 50 mM Tris-HCl (pH 8.0), 150 mM NaCl, and 50 mM MgCl~2~ containing complete EDTA-free protease inhibitor mixture (Roche Applied Science) followed by sonication. Total membranes were collected by ultracentrifugation at 100,000 × *g* for 1 h at 4°C. The OM was isolated by differential extraction with the same buffer and 1.5% (vol/vol) Triton X-100 and incubated at 4°C overnight. The OM fractions were recovered by centrifugation at 100,000 × *g* for 1 h at 4° C.

Transmission electron microscopy. {#h3.4}
---------------------------------

Three microliters of the OMV preparations was adsorbed onto carbon-coated copper grids (3 min). Liquid excess was discarded, and the samples were negatively stained with 2% (wt/vol) uranyl acetate for 3 min and evaluated in a Morgagni (FEI) transmission electron microscope. OMV sizes were determined using the images obtained.

Mass spectrometry analysis of the OM and OMV. {#h3.5}
---------------------------------------------

Purified OM and OMV were run on 10% SDS-PAGE and stained with Coomassie brilliant blue ([@B28]). Protein bands were excised from gels. The excised protein bands were in-gel digested using sequencing grade-modified trypsin (Promega). Peptide fragments were eluted from the gel piece, desalted using ZipTip C~18~ columns (Millipore) according to the supplier protocol, and dissolved in 0.1% formic acid. For in-solution digestion of membranes, lipids were removed from lyophilized pellets using triﬂuoroethanol. In-solution trypsin digestion was then carried out as before. A hybrid quadrupole orthogonal acceleration time-of-flight (Q-TOF) mass spectrometer, Premier (Waters), equipped with a nanoACQUITY Ultraperformance liquid chromatography system (Waters) was used for MS/MS analyses of the peptides, and the resulting mass spectra were used for the identification of the proteins by the Mascot search engine using the NCBI nr database.

OMV zymography. {#h3.6}
---------------

OMV were solubilized in urea buffer, and the total protein content was quantified using the 2D-quant kit (GE Healthcare Life Sciences). Zymography of OMV (10 µg) was performed using Novex zymogram gel (10% Tris-glycine gel with 0.1% gelatin as the substrate) according to the manufacturer's protocol (Life Technologies). Following separation under denaturing conditions, the proteins were renatured to allow substrate cleavage. Colloidal Coomassie brilliant blue G-250 staining of gel was used to visualize areas where the substrate (gelatin) was digested by proteases.

Detection of OMV peptidase activity. {#h3.7}
------------------------------------

The peptidase enzyme activity was determined by incubation of 10 µg of the quantified OMV proteins in a 50 mM Tris-HCl buffer (pH 6.5), with 200 µl of 50 mM [l]{.smallcaps}-lysine-*p*-nitroanilide dihydrobromide, [l]{.smallcaps}-alanine-*p*-nitroanilide hydrochloride, [l]{.smallcaps}-leucine-p-nitroanilide, or pyroglutamic acid-*p*-nitroanilide (Sigma-Aldrich), for 1 h at 37°C. Reactions were stopped by the addition of 100 µl of 1 M Na~2~CO~3~. The release of the *p*-nitroanilide group was then detected spectrophotometrically by measuring the absorbance at 405 nm. All experiments were done in triplicates.

Detection of OMV glycoside hydrolase activity. {#h3.8}
----------------------------------------------

*Bacteroides* vesicles were tested for the presence of β-galactosidases using 4-nitrophenyl-β-[d]{.smallcaps}-galactopyranoside as a substrate. Purified OMV and OM were normalized according to protein content and incubated with the substrate separately for 1 h at 37°C. Fifty microliters 1 M Na~2~CO~3~ was added to stop the reaction. α-[l]{.smallcaps}-Fucosidase activity was measured by incubating 2-chloro-4-nitrophenyl-α-[l]{.smallcaps}-fucopyranoside with different membrane fractions for 2.5 h at 37°C. In both assays, the absorbances of the hydrolyzed products were measured spectrophotometrically at 405 nm. Standard curves were generated using the same substrates and commercial enzymes (*Escherichia coli* β-galactosidase from Sigma-Aldrich and *Thermotoga maritima* α-[l]{.smallcaps}-fucosidase from Megazyme). Sugar-hydrolyzing activities of OMV and OM were calculated using the corresponding *A*~405~ readings and standard curves. All experiments were done in triplicates.

Protein localization assays in OM and OMV. {#h3.9}
------------------------------------------

BF1581 and BF0018 of *B. fragilis* NCTC 9343 were PCR amplified using primers listed in [Table S5](#tabS5){ref-type="supplementary-material"} in the supplemental material. The BF1581 PCR product was digested with BamHI and SacI and then inserted into pFD340 using the same cut sites. BF0018 PCR product was digested with BamHI and HindIII and cloned into pEXT20 and then subcloned into BamHI and SmaI sites of pFD340. pLEC280 expressing His-tagged BACOVA_04502 from *B. ovatus* was a generous gift from L. E. Comstock. The recombinant vectors were transferred to *B. fragilis* via *E. coli* harboring pRK231. OM and OMV were harvested from the recombinant strains and then normalized according to their total protein content using the 2D-quant kit (GE Healthcare Life Sciences). Both compartments in each strain were run on SDS-PAGE followed by Western blotting into nitrocellulose membranes. Localization of proteins was detected using anti-His rabbit antibody (primary antibody) followed by Alex Fluor 680-labeled anti-rabbit goat antibody (secondary antibody). Images were taken using the LI-COR Odyssey Imaging system.

MALDI MS analysis of lipid A. {#h3.10}
-----------------------------

Lipid A from vesicles and cells was prepared in duplicates using 10 mg of sample for each preparation according to the procedure of Yi and Hackett ([@B47]). The purified lipid A was resuspended in 6 µl of methanol-dichloromethane (1:1). One microliter of the mixture was loaded on the MALDI plate followed by addition of 0.5 µl of 2′,4′,6′-trihydroxyacetophenone monohydrate (THAP) as the matrix. MALDI MS was then performed on a Bruker Daltonics (Bremen, Germany) UltrafleXtreme MALDI-TOF/TOF mass spectrometer in the linear negative mode.

SUPPLEMENTAL MATERIAL {#h4}
=====================

###### 

Proteins identified by MS/MS exclusively in OMV of *B. fragilis*

###### 

Table S1, PDF file, 0.1 MB.

###### 

Proteins identified by MS/MS in OM of *B. fragilis*

###### 

Table S2, PDF file, 0.1 MB.

###### 

Proteins identified by MS/MS exclusively in OMV of *B. thetaiotaomicron*

###### 

Table S3, PDF file, 0.1 MB.

###### 

Proteins identified by MS/MS in OM of *B. thetaiotaomicron*

###### 

Table S4, PDF file, 0.1 MB.

###### 

Primers used in cloning BF1581 and BF0018. Restriction sites are in bold. Histidine tags and stop codons are underlined.

###### 

Table S5, PDF file, 0.1 MB.
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